Introduction {#S0001}
============

Hepatocellular carcinoma (HCC) is often diagnosed at advanced stages^[1](#CIT0001)^ and is one of the most difficult cancers to treat in advanced disease. Surgical resection and liver transplantation are considered curative therapies, but only a small subset of patients are candidates for surgery.^[2](#CIT0002)^ HCC is an immunogenic liver lesion as evidenced by the presence of many neoantigens and intratumoral accumulation of effector T cells.^[3](#CIT0003)^ However, the most HCC cancer patients do not respond to immunotherapies, likely due to the multiplicity of immunosuppressive factors, which are present within the large well-established tumors and in the liver, where robust immune responses are typically suppressed.^[4](#CIT0004)^ It is well established that tumors employ several immunosuppressive mechanisms to suppress immune responses. For example, increased accumulation of immature dendritic cells (DCs) in tumors may result in presentation of tumor antigens without co-stimulation to naïve T cells and leads to antigen-specific anergy instead of immunity.^[5](#CIT0005)^ Furthermore, tumor-associated myeloid-derived suppressor cells (MDSCs) not only support tumor growth and metastasis but also possess powerful immunosuppressive activities.^[6](#CIT0006),[7](#CIT0007)^ Reducing the number of MDSCs in tumor-bearing mice markedly improved the antitumor responses.^[8](#CIT0008)^ In addition to tumor-associated immunosuppression, the liver *per se* is considered as an immunotolerant organ that can promote immunological tolerance to foreign antigens (Ag) and elicit Ag-induced apoptosis of activated CD8 T cells.^[9](#CIT0009)^ Therefore, the efficacy of an immunotherapeutic agent is likely to be reduced on encountering these immunosuppressive processes within HCC microenvironment.

Radiation is standard treatment for many cancers. It has been traditionally used to locally eradicate tumor cells and alter tumor or tumor stroma architecture via DNA double-strand breaks or induction of apoptosis. In addition to its widely established tumoricidal effect, increasing evidence demonstrates that radiation can initiate an immune stimulus to induce antitumor responses.^[10](#CIT0010)^ Combination of radiation and various immunotherapies have been under investigation in the clinic.^[11](#CIT0011)^ Among immune intervention therapies, interleukin-12 (IL-12) is considered as the most potent cytokine in triggering antitumor immune responses.^[12](#CIT0012),[13](#CIT0013)^ IL-12 is critical in the activation of innate immunity, including antigen-presenting activity of DCs, and subsequent activation of T-helper 1 cell (Th1) immunity, and in promoting the killing function of cytotoxic T lymphocytes and natural killer cells.^[14](#CIT0014)^ The improved therapeutic efficacy of RT in combination with IL-12 (RT/IL-12) has been demonstrated in several preclinical tumor models, including HCC.^[15](#CIT0015)--[18](#CIT0018)^ However, these early studies were predominantly conducted in models with relatively small subcutaneous tumors. Whether RT/IL-12 has therapeutic benefit against more clinically relevant HCC tumor models, that is, large established tumors growing in the liver environment, remains to be explored.

In this study, we were able to modulate immunosuppressive cells within the liver tumor microenvironment to recover antitumor immunity. Specifically, we investigated the therapeutic effect of RT and IL-12 combination therapy on large orthotopically transplanted HCC tumors. Remarkably, our results show that RT/IL-12 therapy led to significant tumor regression in animals, which was caused by increasing the maturation and activation status of DCs, reducing accumulation and suppressive functions of tumor-infiltrating MDSCs, as well as increasing activation and accumulation of tumor-infiltrating CD8^+^ T cells and the cytotoxic activities of both CD8^+^ T cells and natural killer (NK) cells. Our study offers exciting insights into the rational design of combinatorial therapy, and demonstrates that radiation and IL-12 together presents a powerful potential alternative therapy against advanced HCC.

Results {#S0002}
=======

Combination of radiation and local IL-12 confers synergistic antitumor activity {#S0002-S2001}
-------------------------------------------------------------------------------

The therapeutic efficacies of cancer immunotherapies in preclinical studies are often limited to small tumors that lack the immunosuppressive microenvironment present in the large well-established tumors.^[19](#CIT0019)^ To investigate whether the combination of radiation and IL-12 can induce synergistic antitumor effects against large tumors, BALB/c mice were injected subcutaneously (s.c.) with BNL-P2 HCC cells and the tumors were allowed to establish until ≥ 10 mm in diameter (volumes between 150 and 200 mm^[3](#CIT0003)^) for 14 days and then treated with the following regimens: (1) a single dose of radiation (10 Gy), (2) a single dose of adenoviral vector encoding a single-chain murine IL-12 (Ad/IL-12; 1 × 10^[8](#CIT0008)^ p.f.u) by intratumoral injection, (3) a combination of both radiation and Ad/IL-12 (RT/IL-12) or (4) untreated. A titered dose of Ad/IL-12 was used in this study to decrease vector spillover from the injected tumors to other organs to avoid potential IL-12-associated systemic toxicity.^[20](#CIT0020)^ As shown in [Figure 1(a](#F0001)), single therapy of radiation or IL-12 significantly suppressed tumor growth, the mean tumor volume on day 35 being 375 ± 47 mm^[3](#CIT0003)^ (*p *\< 0.001) in the radiation group and 415 ± 78 mm^[3](#CIT0003)^ in the IL-12 group (*p *\< 0.001), compared with 1,598 ± 151 mm^[3](#CIT0003)^ in the untreated group. Radiation therapy induced significant tumor regression in most animals (*p *\< 0.001), while IL-12 at this dose caused a transient reduction of tumors at early time (between 4 and 11 days post treatment), and after this period most tumors regained exponential growth except one mouse whose tumor became undetectable. Significantly, RT/IL-12 showed a pronounced synergistic antitumor effect, leading to sustained tumor regression and suppression in most animals (complete regression in 4 of 10 mice \[40%\], and partial regression in 5 of 10 mice \[50%\]), with the mean tumor volume being 20 ± 11 mm^[3](#CIT0003)^ on day 35, which was dramatically smaller than that of either of the monotherapy group (both *p *\< 0.001). We further investigated whether RT/IL-12 can confer beneficial survival in mice with established HCC. As shown in [Figure 1(b](#F0001)), monotherapy of radiation or IL-12 significantly prolonged the mean survival time from 46 ± 1 days in the untreated group to 61 ± 2 days in the radiation group and 61 ± 3 days in the IL-12 group (*p *\< 0.001 in both). As expected, the best therapeutic result was achieved by RT/IL-12 treatment, which further prolonged the mean survival time to 96 ± 3 days (*p *\< 0.001 compared with each of the three other groups). We further investigated whether RT/IL-12 has similar antitumor efficacy in another cancer type, the CT26 colorectal cancer. Mice bearing large s.c. CT26 tumors (volumes between 150 and 200 mm^[3](#CIT0003)^) were treated with radiation, Ad/IL-12 or a combination of both. RT/IL-12 also showed a pronounced synergistic antitumor effect, leading to sustained tumor regression and suppression in most animals (complete regression in 1 of 10 mice \[10%\], and partial regression in 5 of 10 mice \[50%\]), while either monotherapy alone only delayed tumor growth but did not induce tumor regression (Supplementary Figure. S2).10.1080/2162402X.2018.1477459-F0001Figure 1.Antitumor activity of combined radiation and IL-12 on subcutaneous HCC. BALB/c mice (n = 10 in each group) were injected into the right flank with 1 × 10^[6](#CIT0006)^ BNL HCC cells. Fourteen days later, these mice were randomly grouped and treated with 10 Gy radiation, 1 × 10^[8](#CIT0008)^ pfu of Ad/IL-12 by intratumoral injection, combination of both or remained untreated. (A) Tumor volume was measured 3 times/week for three weeks and (B) mice were kept for long-term survival observation. The data are presented as mean ± SEM. CR: complete regression; PR: partial regression. Unfilled arrow: day of treatment. Filled arrow: 3 weeks post treatment for tumor volume measurement. Panels represent data from 2 independent experiments.

We further examined whether RT/IL-12 could elicit systemic antitumor responses against distant tumors. To test this, mice were subcutaneously implanted with CT26 cells in the both flanks. After 14 days, primary tumors in the right flank (volumes between 200 and 250 mm^[3](#CIT0003)^) were treated with radiation, Ad/IL-12 or a combination of both. Distant tumors in the left flank remained untreated and their growth was monitored. As shown in [Figure 2](#F0002), RT/IL-12 showed a pronounced systemic effect, completely suppressing growth of distant tumors in all animals. IL-12 monotherapy showed some minor effect on the growth of distant tumors, while radiation monotherapy did not show suppressive effect on distant tumors. These results demonstrate that RT/IL-12 not only showed a pronounced synergistic antitumor effect on the locally treated tumors, but also had a systemic effect on distant tumors.10.1080/2162402X.2018.1477459-F0002Figure 2.Systemic antitumor effect of radiation and IL-12 combination therapy. Groups of BALB/c mice (n = 5) were injected subcutaneously with 5 × 10^[5](#CIT0005)^ CT26 cells in the right flank and 1 × 10^[5](#CIT0005)^ CT26 cells in the left flank. Tumors on right flank were treated with radiation, Ad/IL-12, combination of both or remained untreated as described above, and the left flank tumor remained untreated. Tumor growth on the left flank was monitored at the indicated times. The data are presented as mean ± SEM.

We then investigated whether RT/IL-12 has similar antitumor efficacy in more clinically relevant orthotopic HCC. BALB/c mice (n = 10) were injected with BNL-P2 HCC cells into the left liver lobe and treated on day 10 when the average tumor size was between 6--8 mm in diameter. Mice were sacrificed 21 days after treatment and tumor volumes were measured. As shown in [Figure 3](#F0003), monotherapy of radiation or IL-12 significantly suppressed tumor growth, the mean tumor volumes being 367 ± 203 mm^[3](#CIT0003)^ (*p *\< 0.001) in the radiation group and 241 ± 204 mm^[3](#CIT0003)^ in the IL-12 group (*p *\< 0.001), compared with 2,797 ± 304 mm^[3](#CIT0003)^ in the untreated group. We did not see tumor regression in either of the groups receiving single treatment. Remarkably, RT/IL-12 treatment showed profound tumor regression in most animals (complete regression in 3 of 10 mice \[30%\], and partial regression in 5 of 10 mice \[50%\]), with the mean tumor volume being 53 ± 120 mm^[3](#CIT0003)^, which was significantly smaller than that of the other groups (*p *\< 0.001, *versus* untreated; *p* \< 0.01, *versus* radiation; *p* \< 0.05, *versus* IL-12). To further assess the therapeutic efficacy of RT/IL-12 for large orthotopic HCC, we also treated tumor-bearing mice on day 14 when the average tumor size was between 8--10 mm in diameter. Impressively, RT/IL-12 treatment led to sustained tumor regression of these large orthotopic HCC (complete regression in 3 of 10 mice \[30%\], and partial regression in 7 of 10 mice \[70%\]), with the mean tumor volume being 12 ± 5 mm^[3](#CIT0003)^. These results demonstrate that combination of radiation and IL-12 greatly improved the antitumor activity of either single therapy against large established hepatic tumors.10.1080/2162402X.2018.1477459-F0003Figure 3.Antitumor activity of combined radiation and IL-12 on large orthotopic HCC. BALB/c mice (n = 6--10 in different groups) were injected into the left liver lobe with 3 × 10^[5](#CIT0005)^ BNL HCC cells. Ten days later, these mice were randomly grouped and treated with 10 Gy radiation, 1 × 10^[8](#CIT0008)^ pfu of Ad/IL-12 by intratumoral injection, combination of both or remained untreated. Mice were sacrificed at day 31. For large orthotopic model, mice were treated on day 14 and sacrificed on day 35 for tumor volume measurement. (A) Tumor volumes were presented as before (day 10 or 14) and after (21 days after) treatment. (B) Representative photographs of the liver of each group. The data are presented as mean ± SEM.

IFN-γ is the major down-stream cytokine induced by IL-12 and is critical for the development of cell-mediated antitumor immune responses. The serum levels of IL-12 and IFN-γ in the different groups were determined by cytokine bead array 3 and 7 days post treatment (Supplementary Figure. S3). The results showed that radiation alone did not increase serum IL-12 and IFN-γ as compared with that in the untreated group, while both IL-12 and the RT/IL-12 treatments induced low but significantly higher levels of IL-12 and IFN-γ in the circulation.

RT/IL-12 decreased the number of MDSCs and increased CD8^+^ T cells in tumor tissues {#S0002-S2002}
------------------------------------------------------------------------------------

Liver is generally considered as an immune tolerant organ, favoring induction of immune privilege rather than immunity.^[9](#CIT0009)^ Tumors are also known to employ several immunosuppressive mechanisms to prevent antitumor immune responses.^[4](#CIT0004)^ Under this stringent immune tolerant environment, we were interested to know whether tumor-infiltrating immune cells of orthotopic liver tumors could be appropriately activated to gain the ability to eliminate tumors. To address this question, we applied the orthotopic BNL-P2 HCC model to investigate the effect of different treatments on local (liver) immune cells. We first analyzed whether there were quantitative differences in the populations of tumor-infiltrating immune cells among the different treatment groups. We established a multicolor flow cytometric method to analyze different myeloid and lymphoid cells infiltrating the tumors in a detailed manner (Supplementary Figure. S1). As shown in [Figure 4(a](#F0004)), the percentage of total leukocytes (CD45**^+^**) was significantly increased from 38.1 ± 1.7% in the untreated group to 52.2 ± 4.9% in the IL-12 group (*p* \< 0.05) and 59.1 ± 4.7% in the RT/IL-12 group (*p* \< 0.01), whereas the percentage of leukocytes was slightly decreased in the radiation group (28.0 ± 2.6%). Among these tumor-infiltrating leukocytes, the percentage of myeloid cells (CD45^+^CD11b^+^) was unaffected by radiation, but decreased from 60.4 ± 3.6% in the untreated group to 50.3 ± 3.1% in the IL-12 group and 43.9 ± 2.7% in the RT/IL-12 group (*p* \< 0.01). We further analyzed the subpopulations of these tumor-infiltrating myeloid cells and found that both IL-12 and RT/IL-12 reduced the percentage of MDSCs (CD45^+^CD11b^+^Gr1^high^) from 19.1 ± 2.0% in the untreated group to 13.3 ± 2.2% and 8.2 ± 1.1%, respectively, with RT/IL-12 having greater impact on MDSCs and reaching statistical significance (*p* \< 0.01). We also analyzed dendritic cells (defined as CD45^+^CD11b^+^CD11c^+^Gr1^lo^) and found that both IL-12 and RT/IL-12 increased the percentage of DCs from 5.5 ± 0.5% in the untreated group to 10.8 ± 1.2% and 7.5 ± 1.2% for IL-12 and RT/IL-12, respectively. IL-12 therapy tended to have a greater impact on DCs than the RT/IL-12 but did not reach statistical significance. In contrast to IL-12 and RT/IL-12, radiation alone had little effect on the different populations of myeloid cells within the tumors.10.1080/2162402X.2018.1477459-F0004Figure 4.The change of cell population after combination of radiation and IL-12 treatment in tumor microenvironment. BALB/c mice (n = 4--11 in different groups) were injected with 3 × 10^[5](#CIT0005)^ BNL HCC cells into the left liver lobe. Fourteen days later, these mice treated with 10 Gy radiation, 1 × 10^[8](#CIT0008)^ pfu of Ad/IL-12 by intratumoral injection, combination of both or remained non-treated. (A) Mice were sacrificed 7 days after treatment and the leukocyte subpopulations within the tumor were analyzed by flow cytometer. (B) Tumor tissues were removed 7 days after treatment for immunohistochemical (IHC) analysis. Cryostat sections were immunohistochemically stained with anti-CD8 and developed with AEC, then counterstained with hematoxylin. Original magnification, ×200. (C) The percentage of CD8^+^ cells in tumor tissues. The IHC stained slides were scanned and analyzed using a Panoramic 250 slide scanner. The data are presented as mean ± SEM. \*, *p* \< 0.05; \*\*, *p* \< 0.01. Representative data are shown from three experiments. RT/IL-12: radiation plus IL-12.

We next assessed the effect of the different treatments on lymphoid cells within the tumor. The percentage of total T cells (CD45^+^TCR-β^+^) was not significantly affected by either radiation or IL-12 single treatment. RT/IL-12 increased the percentage of tumor-infiltrating T cells by about 1.5-fold to 34.9 ± 5.5% as compared with 22.8 ± 2.3% in the untreated group but did not reach statistical significance. Importantly, RT/IL-12 exhibited the greatest effect on CD8^+^ T cells, the percentage of which was increased 2.6-fold as compared with that of the untreated group (16.9 ± 4.8% *versus* 6.5 ± 1.3%, *p* \< 0.05). Neither radiation nor IL-12 single treatment had any effect on the percentage of tumor-infiltrating CD8^+^ T cells. This result was further confirmed by immunohistochemical (IHC) staining of tumor tissues and quantitatively analyzed by a digital whole slide imaging and analysis system. Consistent with what was found in flow cytometric analyses, IHC revealed that RT/IL-12 induced a 7.5-fold increase in infiltrating CD8^+^ T cells (from 3.3% to 24.7%) in the tumor tissues, while radiation and IL-12 single treatments had much less effect ([Figure 4(b](#F0004),[c](#F0004))). As for NK cells and CD4^+^ T cells, we found by flow cytometric analyses that the percentage of these two lymphoid cell populations were insignificantly affected by different treatments, with radiation slightly increasing and RT/IL-12 decreasing the percentage of NK cells. Taken together, these results clearly demonstrate that combination therapy of RT/IL-12 had a much greater impact on tumor-infiltrating leukocytes than radiation or IL-12 single treatments, in particular for CD8^+^ T cells and MDSCs.

RT/IL-12 treatment enhanced DC maturation {#S0002-S2003}
-----------------------------------------

Previous studies have demonstrated that IL-12 treatment enhanced functions of antigen-presenting cells.^[21](#CIT0021)^ To investigate whether RT/IL-12 can enhance the maturation status of tumor-infiltrating myeloid cells, especially DCs, we analyzed the expression of three classic maturation markers, MHC class II, CD40 and CD86, in the different treatment groups. [Figure 5(a](#F0005)) shows a representative histogram; the summarized results are shown in [Figure 5(b](#F0005)). Most tumor-infiltrating DCs with or without treatment were MHC class II^+^ and CD86^+^. IL-12 and RT/IL-12 treatment increased the percentage of CD40^+^ DCs about 2-fold as compared with the untreated and radiation groups. Significantly, DCs from IL-12 and RT/IL-12 groups increased mean fluorescence intensity (MFI) for these three maturation markers, especially for MHC class II and CD86. In contrast, radiation alone had little effect on these three myeloid cell maturation markers. Collectively, these data demonstrate that IL-12 and RT/IL-12 treatments caused the elevation of DC numbers within the tumor, but also stimulated the expression of maturation markers on these cells.10.1080/2162402X.2018.1477459-F0005Figure 5.Combination of radiation and IL-12 increased the frequency and maturation of tumor-infiltrated DCs. BALB/c mice (n = 4--7 in different groups) were injected into the left liver lobe with BNL HCC cells and treated as described in [Figure 3](#F0003). (A) Mice were sacrificed 7 days post-treatment. CD11c^+^ DCs from TILs were gated and stained with anti-MHC class II CD40, and CD86 Abs, or appropriate isotype-control Abs, as described in *Materials and Methods*. The percentages of positive cells for surface proteins are shown. The results shown were from one representative mouse of each group. (B) Summarized MFI fold changes for surface proteins were presented as mean ± SEM. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001. RT/IL-12: radiation plus IL-12.

Tumor-infiltrating CD8^+^ T cells and NK cells were functionally activated by RT/IL-12 treatment {#S0002-S2004}
------------------------------------------------------------------------------------------------

Previous studies of IL-12-based immunotherapies demonstrated that CD8^+^ T cells and NK cells are the major effector populations that control tumor growth.^[18](#CIT0018),[22](#CIT0022)^ Therefore, we determined how RT/IL-12 influenced effector functions of tumor-infiltrating CD8^+^ T cells and NK cells by examining their production of intracellular IFN-γ and TNF-α and membrane expression of CD107a, a measure of effector cell degranulation associated with perforin/granzyme-dependent cytotoxicity. To obtain cell status that reflects their *in vivo* activities at the time of tumor harvest, these effector lymphocytes were directly analyzed by flow cytometry without *ex vivo* restimulation. Compared with the untreated group, RT/IL-12 increased the percentage of CD107a^+^ CD8^+^ T cells by 2.6-fold (from 17.1% to 44.0%, *p* \< 0.05, [Figure 6(a](#F0006))) and CD107a^+^ NK cells by 3.3-fold (from 24.6% to 81.5%, *p* \< 0.001, [Figure 6(b](#F0006))). Significantly, RT/IL-12 also greatly increased the CD107a expression levels in these killer cells, as indicated by MFI increases of 5.3-fold on CD8^+^ T cells and 35.8-fold on NK cells, suggesting that these tumor-infiltrating killer cells were highly potent in cytotoxic activities within the tumors, even in the absence of additional in vitro stimulation. Similarly, RT/IL-12 treatment also increased the percentages and/or the expression levels of IFN-γ and TNF-α on CD8^+^ T cells and NK cells. IL-12 alone treatment increased the percentage and the expression levels of CD107a, TNF-α and IFN-γ on CD8^+^ T cells and NK cells, although in general the magnitude of responses were weaker than mice treated with RT/IL-12 combination therapy. In contrast, radiation alone did not mediate significant changes on these three activation markers on CD8^+^ T cells or NK cells. Taken together, these results demonstrate that RT/IL-12 treatment resulted in activation and degranulation of CD8^+^ T cells and NK cells in the tumor, strongly suggesting that these cells most likely contribute to tumor regression and may be directly involved in cancer cell killing within tumor microenvironment.10.1080/2162402X.2018.1477459-F0006Figure 6.Combination of radiation and IL-12 significantly increased CD107a expression on CD8 T cells and NK cells. BALB/c mice (n = 4--10 in different groups) were injected into the left liver lobe with 3 × 10^[5](#CIT0005)^ BNL HCC cells, and 14 days later received radiation, 1 × 10^[8](#CIT0008)^ pfu of Ad/IL-12 by intratumoral injection, combination of both or remained non-treated. The percentage and MFI fold changes of CD107a, IFN-γ and TNF-α on tumor-infiltrating (A) CD8 T cells and (B) NK cells were analyzed 7 days later. The summarized results were presented as mean ± SEM. \*, *p* \< 0.05; \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001. RT/IL-12: radiation plus IL-12.

RT/IL-12 decreased the suppressive activity of tumor-infiltrating MDSCs {#S0002-S2005}
-----------------------------------------------------------------------

Accumulation of MDSC in tumor microenvironment promoted tumor cell survival and suppressed proliferation and functional activity of T cells.^[23](#CIT0023)^ We have demonstrated that RT/IL-12 combination treatment reduced MDSC accumulation in the tumor microenvironment ([Figure 4(a](#F0004))). Moreover, we demonstrated that these RT/IL-12-treated MDSCs express higher levels of MHC class II and CD86 (Supplementary Figure. S4), suggesting that their functional activities may also be modulated. To directly investigate whether RT/IL-12 treatment affected the suppressive capacity of MDSCs, we sorted tumor derived MDSCs from the different treatment groups and co-cultured with naïve splenocytes previously stimulated with CD3/CD28 antibodies. As shown in [Figure 7(a](#F0007)), T cell proliferation was reduced by more than 90% when co-cultured with MDSCs from the untreated group at different splenocyte to MDSC ratios (10:5 and 10:2.5). MDSCs from the radiation or IL-12 single treatment groups showed less suppressive activity, where T cell proliferation was reduced between 67% and 78%. RT/IL-12 treatment had the greatest impact on the inhibitory effect of MDSC, and decreased T cell proliferation between 38% and 56%. The impact of radiation and IL-12 on the suppressive functions was limited at the local treatment site, since MDSCs isolated from the spleens of animals in the four different groups showed similar suppressive activity (Supplementary Figure. S5). It has been previously reported that reactive oxygen species (ROS) contribute to differentiation of M2 macrophage and formation of tumor-associated macrophages,^[24](#CIT0024)^ along with MDSC-mediated T cell suppression.^[25](#CIT0025)^ We investigated whether RT/IL-12 treatment has an effect on ROS production of MDSCs. [Figure 7(b](#F0007)) shows a representative histogram and the summary results are shown in [Figure 7(c](#F0007)). Single treatment of radiation or IL-12 only slightly decreased ROS production of MDSCs, while RT/IL-12 combination treatment greatly decreased the percentage of ROS^+^ cells and the MFI of ROS in MDSCs compared with that of the untreated group (*p *\< 0.001).10.1080/2162402X.2018.1477459-F0007Figure 7.Combination of radiation and IL-12 subdued the suppressive activity and ROS production of tumor-infiltrated MDSC. BALB/c mice (n = 6--10 in different groups) were injected into the left liver lobe with BNL HCC cells and treated as described in [Figure 3](#F0003). Mice were sacrificed 7 days post-treatment. (A) The suppressive activity of MDSC obtained from TILs. Gr1^±^ cells were purified with magnetic beads. Splenocytes from naïve mice were stimulated with αCD3/αCD28 Abs in the presence of purified Gr1^±^ cells at a ratio of 10:5 or 10:2.5. Three days later, 1 μCi ^[3](#CIT0003)^H-thymidine was added and cultured for additional 16 h. Cells were harvested and data were calculated by a TopCount instrument. (B) The levels of ROS in purified MDSC were measured by fluorescence intensity of 2ʹ,7ʹ-dichlorofluorescin diacetate labeling after PMA stimulation for 30 minutes. (C) Summarized results presented as means ± SEM. \*\*, *p* \< 0.01; \*\*\*, *p* \< 0.001. RT/IL-12: radiation plus IL-12.

Discussion {#S0003}
==========

In this study, we demonstrated that combining radiotherapy and an adenoviral vector encoding IL-12 led to tumor regression in animals bearing large subcutaneous and orthotopic HCC tumors, induced systemic effect on distant tumor and significantly prolonged their survival. We also observed that multiple cellular mechanisms contribute to the robust antitumor responses observed in the combination therapy (RT/IL-12). First, we found that RT/IL-12 reduced the number of tumor-infiltrating myeloid-derived suppressor cells (MDSCs) and also subdued their immune-suppressive properties. Secondly, RT/IL-12 treatment activated intra-tumoral dendritic cells (DCs) and may enhance Ag presenting functions, as indicated by increased surface expression of MHC class II, CD40 and CD86. Thirdly, RT/IL-12 treatment increased the accumulation of tumor-infiltrating CD8^+^ T cells and elevated cell markers correlated with cytotoxic functions of tumor-infiltrating CD8^+^ T cells and NK cells. This cytotoxic marker, CD107a, is a surrogate metric for T-cell cytolytic potential and cytokine expression,^[26](#CIT0026)^ and our observed elevated expression correlated with the presence of increased intracellular levels of IFN-γ and TNF-α in intra-tumoral CD8^+^ T cells and NK cells. Together, these results strongly suggest that RT/IL-12 treatment can defeat the intratumoral suppressive microenvironment within large established hepatic tumors, and stimulate powerful cytokine and cellular anti-tumor immune mechanisms. We observed almost complete regression of large established orthotopic HCC tumors by this protocol.

Orthotopic HCC tumor is an important murine model to investigate the complex tumor-host interactions in the liver. This model has been reported to recapitulate key pathological features in human HCC.^[27](#CIT0027)^ The antitumor effects of Ad/IL-12 have been demonstrated in several orthotopic HCC animal models, including mouse, rat and woodchuck.^[28](#CIT0028)--[30](#CIT0030)^ However, Ad/IL-12 alone failed in clinical trials of patients with hepatic malignancy.^[31](#CIT0031)^ One of the challenges in treating established hepatic tumor with immunotherapy is to induce anti-tumor immune responses within the tolerogenic microenvironment of the liver and in the hepatic tumor. There is growing evidence suggesting that RT may be a practical solution in overcoming his hurdle, and may enhance antitumor efficacy of immunotherapy.^[32](#CIT0032)^ Our data presented here demonstrate that RT/IL-12 combination therapy is sufficient to reverse the tolerogenic microenvironment of the liver and hepatic tumors to induce strong antitumor responses in an orthotopic HCC tumor model in mice. This is consistent with the observation that RT synergizes with the antitumor effects of IL-12 in various experimental animal models.^[15](#CIT0015)--[18](#CIT0018),[22](#CIT0022),[33](#CIT0033)^ Our study further extends this combination strategy to treat HCC.

Increased accumulation of immature or regulatory DCs in tumors may result in antigen-specific anergy instead of immunity, and is sufficient to promote tumor growth.^[5](#CIT0005)^ Recently, immune suppressive regulatory DCs have also been identified in HCC patients.^[34](#CIT0034)^ DCs differentiate into mature DCs through microenvironmental stimuli that can efficiently launch immune responses. Kerkar and colleagues found that IL-12 could reprogram immunosuppressive DCs to regain immunostimulating functions that promote anti-tumor T cells.^[35](#CIT0035)^ It is known that maturation of DCs is associated with increased expression of MHC class II and co-stimulatory molecules, such as CD40, CD80 and CD86 on the cell surface,^[36](#CIT0036)^ and that interaction of CD40 and CD40L is essential for the differentiation of DCs from immature into fully mature phenotype that are able to prime adaptive T cell responses.^[37](#CIT0037)^ In agreement with these reports, our results showed that RT/IL-12 treatment greatly increased the levels of MHC class II and co-stimulatory molecules CD40 and CD86 on DCs ([Figure 5](#F0005)), suggesting that these DCs may gain antigen-presentation functions to promote antitumor T cell responses.

MDSCs, one of the major immune suppressor cells in the tumor microenvironment, can suppress immune responses and facilitate tumor progression.^[6](#CIT0006)^ MDSCs can also enhance cancer stem cell gene expression, resulting in increased cancer cell stemness and increasing metastatic and tumorigenic potential ^[38](#CIT0038)^. MDSCs are found in both tumor tissues and peripheral blood from patients with HCC, and elevated MDSC numbers correlated with clinical tumor progression.^[39](#CIT0039),[40](#CIT0040)^ Reducing the numbers of MDSCs in murine tumors markedly improved the antitumor responses of chemotherapy.^[8](#CIT0008)^ In human, myeloid-derived suppressor cells as an immune parameter in patients with concurrent sunitinib and stereotactic body radiotherapy.^[41](#CIT0041)^ In agreement with these studies, our results showed that RT/IL-12 significantly reduced the numbers of MDSCs from tumor-infiltrating leukocytes (TILs), (. 4A). It should be emphasized that the effect of RT/IL-12 was limited to the tumor microenvironment since MDSC numbers in the periphery (spleen) remained unchanged (data not shown). The suppressive activity of MDSCs from RT/IL-12 treated tumors was significantly impaired ([Figure 7(a](#F0007))), which was not seen in MDSCs from spleen (Supplementary Figure. S5). ROS production disrupts TCR signaling and it has been reported that reducing ROS releases CD8 T cell suppression by MDSC.^[42](#CIT0042)^ This mechanism appears to underlie the effects of RT/IL-12 on MDSC-mediated T cell suppression, as ROS production from tumor-infiltrating MDSCs only decreased when the tumor was treated with RT in combination with IL-12, but not with RT or with IL-12 alone ([Figure 7(b](#F0007),[c](#F0007)). Another potential effect of combination therapy on MDSCs is to promote their further differentiation towards macrophages and DCs, as observed in TLR-7/8 agonist-stimulated MDSCs.^[43](#CIT0043)^ In agreement with this possibility, our results showed that RT/IL-12 treatment significantly increased expression of MHC class II and CD86 (Supplementary Figure. S4).

Radiation is well known for its direct tumoricidal effect via induction of double-strand breaks or apoptosis. Recently, it has been shown that radiation can also enhance the cross-priming capacity of tumor-infiltrating dendritic cells and subsequently activate CD8^+^ T cells ^[44](#CIT0044)^. In our study, radiation at a single dose of 10 Gy can partially delayed tumor growth ([Figure 1(a](#F0001)) and Supplementary Figure S2), likely through a direct cytocidal effect and induction of cytotoxic CD8^+^ T cells. Combination of a local IL-12 treatment provides a strategy to further enhanced these CD8^+^ T cell responses and thus achieves a much better antitumor effect than either monotherapy alone. It has been shown that the antitumor efficacy of RT/IL-12 depends on the presence of T and NK cells.^[17](#CIT0017),[18](#CIT0018),[22](#CIT0022)^ In this study, our data showed that RT/IL-12 treatment significantly increased the numbers of tumor-infiltrating CD8^+^ T cells with potent cytotoxic activities ([Figure 6(a](#F0006))), as demonstrated by their increased surface expression of CD107a.^[26](#CIT0026)^ For tumor-infiltrating NK cells, although the number was not significantly changed post RT/IL-12 treatment, these cells were highly active in the cytotoxic phenotype as demonstrated by their up to 30-fold increase in CD107a expression ([Figure 6(b](#F0006))). These results strongly suggest that RT/IL-12 combination therapy was likely able to eliminate large established orthotopic HCC through activation of CD8^+^ cytotoxic T cells and NK cells.

RT is an established treatment option for patients with advanced HCC. Stereotactic body radiotherapy (SBRT) is an emerging radiotherapy technique that safely and effectively treats HCC by delivering large dose of radiation (6--15 Gy per fraction, as used in our RT/IL-12 protocol) to liver tumors in 1--6 fractions.^[45](#CIT0045)^ SBRT is believed to achieve tumor control via its effects on vascular, stromal and immunological aspects of the tumor microenvironment.^[46](#CIT0046)^ The early clinical success of combining RT with systemic therapy to treat advanced HCC marks the promise of RT-containing multimodality protocols for this dismal disease.^[47](#CIT0047)^ Currently, cancer immunotherapy is being rigorously tested for its synergism with RT. An outstanding example is the success in controlling metastatic melanoma with combination of SBRT and ipilimumab, an anti-CTLA-4 antibody.^[48](#CIT0048)^ The power of such an approach is reproducibly demonstrated in several clinical studies on patients with metastatic melanoma, non-small-cell lung cancer (NSCLC) and brain metastases.^[49](#CIT0049)--[51](#CIT0051)^ It is also possible to induce antitumor responses in the tolerogenic microenvironment in liver, as combining ipilimumab with SBRT to a liver lesion is reported to result in durable disease suppression in a patient with metastatic non-small cell lung cancer.^[50](#CIT0050)^ These human studies not only demonstrate the safety in combination of SBRT with immunotherapy, but also point out the potential for treating liver malignancy with such an approach. In this context, RT/IL-12 appears to be a very promising treatment protocol to be further tested in early phase clinical trials on patients with advanced HCC.

Collectively, RT/IL-12 induces strong antitumor responses in a murine model of orthotopic HCC tumor through multiple mechanisms. These mechanisms include: reducing numbers of MDSCs and their suppressive activity, enhancing antigen presentation functions of DCs and subsequently inducing activation and expansion of cytotoxic T cells, and enhancing cytotoxic activity of NK cells. The translational potential of RT/IL-12 warrants further clinical investigation given the efficacy seen in our data and the safety profile.

Materials and methods {#S0004}
=====================

Animals and cell lines {#S0004-S2001}
----------------------

Female BALB/c mice (6- to 8-week-old) were purchased from the National Laboratory Animal Breeding and Research Center (Taipei, Taiwan). All animal studies were conducted in specific pathogen-free conditions and in accordance with guidelines approved by the Animal Care and Usage Committee of Academia Sinica (Taipei, Taiwan). Murine BNL 1ME A.7R.1 (BNL; American Type Culture Collection, Manassas, VA) is a methylcholanthrene transformed hepatocellular carcinoma cell line derived from BALB/c mice. A highly liver-metastatic subline of BNL (denoted hereafter BNL-P2) was generated by *in vivo* passage and recovered tumors from hepatic metastases after intrasplenic inoculation of BNL cells in BALB/c mice. Cells were maintained in Dulbecco's modified Eagle's medium (Sigma-Aldrich, St Louis, MO) supplemented with heat-inactivated 10% bovine fetal serum, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37°C in a 5% CO2 humidified incubator.

Subcutaneous and orthotopic HCC tumor models {#S0004-S2002}
--------------------------------------------

Exponentially growing BNL-P2 cells were harvested and used for experiments only if their viability exceeded 80%, as determined by Trypan blue staining. For the subcutaneous (s.c.) HCC model, 1 × 10^[6](#CIT0006)^ BNL-P2 cells were injected into the right flank of mice on day 0. Mice were treated when the tumor volume reached between 150 and 200 mm^[3](#CIT0003)^ (≥ 10 mm in diameter, about 14 days post injection) with radiation (10 Gy), intratumoral injection of a single dose of adenoviral vector encoding a single-chain murine IL-12 (Ad/IL-12, 1 × 10^[8](#CIT0008)^ p.f.u.) in 30 ·l of saline,^[52](#CIT0052)^ or a combination therapy with radiation (10 Gy) followed immediately with intratumoral Ad/IL-12 (1 × 10^[8](#CIT0008)^ p.f.u.). For radiation treatment, mice were restrained in a customized acrylic holder and protected by a 5-mm thick lead shield containing an opening of 1-cm diameter that exposed only the tumor to radiation. Tumors were exposed to a single dose of radiation of 10 Gy delivered at a mean dose rate of 6.72 Gy/min using RS 2000 biological irradiator (Rad Source Technologies, Suwanee, GA). Control mice were untreated. To study the systemic antitumor effect, mice were injected subcutaneously at day 0 with 5 × 10^[5](#CIT0005)^ CT26 cells in the right flank and 1 × 10^[5](#CIT0005)^ CT26 cells in the left flank. The right flank tumors at day 14 received the different treatment as described above, and the left flank tumor remained untreated. Tumor volumes were measured 3 times per week along three orthogonal axes (x, y, and z) and tumor volumes calculated as xyz × 0.52. Mice were monitored for 21 days.

For the orthotopic HCC model, 3 × 10^[5](#CIT0005)^ BNL-P2 cells were injected into the left lobe of the liver in mice through an incision on day 0. At day 10 and 14 post tumor transplantation, an abdominal incision was made to expose the tumor for radiation and/or Ad/IL-12 injection, with the rest of the liver and body protected by a lead shield as described above. These mice were sacrificed 21 days post treatment and tumor volumes were measured as described above.

For the s.c. colorectal carcinoma model, 5 × 10^[5](#CIT0005)^ CT26 cells were injected into the right flank of mice on day 0. Mice were treated when the tumor volume reached between 150 and 200 mm^[3](#CIT0003)^ (≥ 10 mm in diameter, about 14 days post injection) as described above. These mice were sacrificed 21 days post treatment and tumor volumes were measured as described above.

Cytokine bead array {#S0004-S2003}
-------------------

Serum samples were collected 3 and 7 days post-treatment. The concentrations of serum IL-12 and IFN-γ were measured using multiplex FlowCytomix kit (eBioscience) according to manufacturer's directions. In brief, serum samples were added to the bead mixtures coated with antibodies specific to mouse cytokines and the biotin-conjugated mixture was added to the mixture complex. After incubation, the streptavidin-phycoerythrin (PE) solution was added to bind the biotin-conjugate. The standard curve was prepared from serial dilutions of a standard mixture. The concentrations of cytokines were analyzed using an LSR II cytometer (BD Pharmingen, San Jose, CA) and the data were processed using the FlowJo V10 software (Treestar, Ashland, OR).

Flow cytometric analysis {#S0004-S2004}
------------------------

Single-cell suspensions of tumor-infiltrating leukocytes (TILs) and splenocytes were processed and collected as previously described.^[53](#CIT0053)^ A multicolor flow cytometric analysis and the gating strategy were developed for phenotyping tumor-infiltrating immune cells as shown in Supplementary Figure. S1. For lymphoid lineages, cells were stained with efluor506 viability dye, APC-CD45, Pe-Cy7-CD3, FITC-CD4, APC-Cy7-CD8 and PE-PanNK. For myeloid lineages, cells were stained with efluor506 viability dye, Pacific blue-CD45, APC-Gr1, PE-Cy7 CD11c, PE-F4/80 and Alexa700-CD11b. For myeloid cell activation markers, cells were stained with APC-eFluor780-MHC class II, PerCP-Cy5.5-CD40 and APC-Cy7-CD86.

To analyze cytotoxicity of TILs and splenocytes, cells were stained with PE-CD107a for 5 h at 37°C and monensin (1 μM, Sigma Chem. Co., St. Louis, MO) was added during the last 4 h of incubation. Then, cells were stained with Alexa 700-CD4, eFluor 450-CD8, and FITC-PanNK for determination of CD107a expression on different lymphocyte subpopulations. These cells were then fixed and permeabalized with 4% paraformaldehyde and stained with PerCP-Cy5.5-IFN-γ and APC-TNF-α for measuring intracellular cytokines. All mAbs were purchased from either BD Pharmingen, eBioscience (San Diego, CA) or BioLegend (San Diego, CA). The stained cells were analyzed using an LSR II cytometer and data were processed using FlowJo V10 software.

Immunohistochemistry staining {#S0004-S2005}
-----------------------------

Immunohistochemical analysis of tumor samples was performed as described previously.^[13](#CIT0013)^ Frozen sections of tumor tissues (10 μm) were stained with rat antibodies against mouse CD8 (KT-15; Santa Cruz biotechnology, Dallas, TX), followed by incubation with Histofine Simple Mouse MAXPO for Rat (Nichirei Biosciences, Tokyo, Japan), and visualized with the Vectastain ABC Elite Kit (Vector Laboratories, Burlingame, CA) and AEC^+^ substrate-chromogen (Dako), and counterstained with hematoxylin. Positive cells were quantified using a Pannoramic 250 digital slide scanner (3DHISTECH, Budapest, Hungary) at × 200 magnification.

MDSC suppressive assay {#S0004-S2006}
----------------------

Gr1^+^ MDSC cells from each group were purified 7 days post treatment from tumor tissues and splenocytes using magnetic beads (Miltenyi Biotec, San Diego, CA). Splenocytes (1 x 10^[5](#CIT0005)^ cells) from naïve BALB/c mice were stimulated with ·CD3/·CD28 Abs (splenocytes: Dynabeads = 1: 0.6) in the presence of purified Gr1^+^ cells from different groups at a ratio of 10:5 or 10:2.5. Three days later, 1 μCi ^[3](#CIT0003)^H-thymidine (Amersham Pharmacia, New Territories, Hong Kong) was added to each well and cultured for additional 16 h. Cells were harvested and incorporated radioactivity was measured on a TopCount microplate scintillation and luminescence counter (PerkinElmer, Wellesley, MA).

ROS detection {#S0004-S2007}
-------------

The oxidation-sensitive dye 2ʹ, 7ʹ-dichlorofluorescin diacetate (DCFDA; Thermo Fisher Scientific, Waltham, MA) was used to measure ROS production by MDSCs. Purified MDSCs were incubated at 37°C in RPMI in the presence of 2.5 μM DCFDA and 30 ng/ml phorbol myristate acetate (PMA; Sigma- Aldrich) for 30 min. Cells were then labeled with anti--Gr1 and anti-CD11b antibodies on ice and analyzed by LSR II.

Statistics {#S0004-S2008}
----------

Results were presented as mean ± SEM. One-way ANOVA with Tukey's comparison was used to analyze statistical differences across multiple groups of animals. *p \< *0.05 was considered statistically significant.
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